ABSTRACT Specialist-feeding phytoseiid mites have a well-documented role in biological control of phytophagous spider mites. However, although there is evidence for the importance of generalistfeeding phytoseiid mites in spider mite suppression, their role is less clear than that of specialists. The effectiveness of generalists as biocontrol agents and their interactions with specialists might be directly inßuenced by canopy structure or indirectly affected by altering plant microclimate. We manipulated densities of generalist phytoseiid mites and canopy size (large and small) in open-Þeld experiments in an abandoned vineyard. In the Þrst experiment, we increased generalist densities by transferring grapevine foliage housing robust generalist populations, whereas in the second experiment, we lowered generalist densities using the broad-spectrum insecticide chlorpyrifos. In both experiments, we also altered canopy size by tying grapevine shoots. Increasing densities of generalists resulted in lower spider mite densities. Generalists initially decreased densities of specialist phytoseiid mites as well, although specialist densities rebounded as spider mite densities increased later in the experiment. Lowering generalist densities appeared to slightly increase densities of both spider and specialist mites, consistent with the Þrst experiment. However, these effects were not statistically signiÞcant, possibly because the reduction in generalist densities through chlorpyrifos application was not as dramatic as our generalist augmentation in the Þrst experiment. Canopy size did not signiÞcantly affect pest or predatory mite densities in either experiment. These Þeld experiments demonstrate that generalists can slow spider mite population growth in grapes. In contrast, canopy architecture appeared to have little impact on spider mite biocontrol.
SPIDER MITES (ACARI: TETRANYCHIDAE) are phytophagous pests of many crops worldwide, including wine grapes (Vitis vinifera L.) (Huffaker et al. 1970, Flaherty and Wilson 1999) . Spider mites ingest leaf cell contents, thus decreasing plant photosynthesis and potentially reducing fruit quality and yield (Flaherty and Wilson 1999) . Spider mites have many natural enemies, but researchers have paid greatest attention to the role of specialist phytoseiid mites (after McMurtry and Croft 1997) in spider mite biological control (McMurtry 1992) . This is because specialists aggregate in response to pest kairomones and plant volatiles induced by herbivory (Sabelis and Dicke 1985, McMurtry and and have a high reproductive capacity on pest mite prey and thus the ability to initiate a strong numerical response once arriving at spider mite infestations (McMurtry and Croft 1997, Croft et al. 2004 ). However, specialists tend to overexploit pest populations and emigrate or starve, contributing to unstable predatorÐprey dynamics (McMurtry 1992 , Nyrop et al. 1998 . Recently, researchers have been re-evaluating the role of generalist phytoseiid mites in spider mite biocontrol, especially on perennial plants (e.g., McMurtry 1992 , Nyrop et al. 1998 , James 2001 , and some consider cropping systems dominated by generalists to be more stable and sustainable (e.g., McMurtry 1992, James and Whitney 1993) . Generalist phytoseiid mites can use alternate food when pests are absent (McMurtry 1992) , are often abundant in unsprayed vegetation surrounding agricultural Þelds (Boller et al. 1988 , Tuovinen and Rokx 1991 , Prischmann and James 2003 , can immigrate into Þelds from surrounding vegetation when harmful chemicals are not used (Tixier et al. 1998) , and can keep spider mite densities below damaging levels (Duso and Pasqualetto 1993, James and Whitney 1993) . Generalist phytoseiid mite species have been shown to effectively lower spider mite densities in European and Australian vineyards (Duso and Pasqualetto 1993 , James 2001 , Kreiter et al. 2001 , although success of generalists may be limited by their susceptibility to pesticides (James 1990) .
In many cropping systems, spider mites reach damaging densities, whereas their populations are often low in less-disturbed habitats, such as abandoned or feral grapevines (Huffaker et al. 1970 ). This suggests that vineyard management practices are making spi-der mite outbreaks more likely and that by identifying and eliminating these disruptive practices, we might restore natural control to managed vineyards. Many factors likely contribute to spider mite outbreaks in managed vineyards, including decimation of spider mite natural enemies after applications of nonselective pesticides or the direct or indirect (i.e., though host plants) enhancement of spider mite reproduction by pesticides (Huffaker et al. 1970) . Also, higher plant quality resulting from irrigation and fertilization, and differences in plant architecture after canopy maintenance, could contribute to higher rates of spider mite population growth in managed versus abandoned vineyards (Huffaker et al. 1970 , van de Vrie et al. 1972 . Thus, in the absence of experimentation, it is impossible to identify which aspects of abandoned vineyards make them resistant to spider mite outbreaks.
Canopy management is an integral component of wine grape production (Jackson 2000) . Canopy size can affect movement, and therefore colonization potential, of spider mites and generalist and specialist phytoseiid mites , Skirvin and Fenlon 2003 and affect pesticide penetration and abundance of unsprayed refugia (Croft 1990 , Emmett et al. 1992 . Furthermore, canopy size can affect microclimate, including temperature and humidity (Smart 1992 , Jackson 2000 , which could affect spider mite population growth rates directly by altering development time (van de Vrie et al. 1972) or indirectly by altering phytoseiid mite population growth rates (Sabelis 1985) . Spider mite populations often reach higher densities under hot, dry conditions (van de Vrie et al. 1972 , Sabelis 1985 , while most phytoseiid mites prefer 70 Ð90% RH (Gerson et al. 2003) . Differences in within-canopy temperatures and humidity could also affect efÞcacy and degradation of pesticides, potentially impacting both herbivorous and predatory mites (Getzin 1981 , Croft 1990 , Navarro et al. 2001 .
The primary objectives of our experiments were to determine if generalist phytoseiid mites can lower spider mite densities on grapevines and to examine if canopy size and associated microclimatic parameters impact mite densities. Our Þrst question was, how does altering densities of generalist phytoseiid mites affect densities of specialist phytoseiid mites and spider mites, and how does this in turn impact pest mite control? Second, does increasing canopy size directly, or indirectly, affect densities of phytoseiid and spider mites? To address these questions, we conducted two Þeld experiments in an abandoned vineyard, housing naturally high densities of phytoseiid mites, in northern Oregon. We followed the effects of increasing and decreasing densities of generalist phytoseiid mites, within small and large grapevine canopies, on the densities of specialist phytoseiid and spider mites.
Materials and Methods

Experimental Site
The experimental site was located in Umatilla, OR, in a ÔRieslingÕ vineyard that had been abandoned (i.e., 
Experiment 1
In the Þrst experiment, we manipulated canopy size (large versus small canopy) and generalist phytoseiid mite (GPM) density (high versus low GPM density) within a completely randomized 2 by 2 factorial design. This design yielded four treatments: (1) ϩCϪG, large canopy without GPM addition; (2) ϩCϩG, large canopy with GPM addition; (3) ϪCϪG, small canopy without GPM addition; and (4) ϪCϩG, small canopy with GPM addition. Treatments were applied randomly to each individual vine, and thus an experimental unit consisted of one vine. We established eight replicates of each treatment for a total of 32 vines in the experiment.
To create large and small canopy treatments, 10 shoots at the top of each vine were gathered in a bundle and encircled by a length of cord, which was tied. Canopy manipulation was done in this way to alter canopy climate without also changing total plant mass but is similar to head-trained grapevines (Winkler et al. 1962 , Weaver 1976 ) managed with minimal pruning techniques (Smart and Robinson 1991) . Canopy treatments were established on 25 May using hemp twine, which was replaced on 8 July with black, waxed cotton cord because the twine was breaking. For large canopy vines, a 140-cm length of cord was tied off, while a 70-cm length of cord was tied off for small canopy vines. Thus, large canopy vines were Ϸ45 cm in diameter, whereas small canopy vines were 22 cm in diameter. Shoots surrounding tied can- Marshall and Lester (2001) found that transferring grape leaves was an effective method for increasing generalist phytoseiid densities within vineyards, and we adopted this predator augmentation technique. We collected 10 shoots, Ϸ0.50 m in length with Þve to seven leaves, from nonsprayed grapevines surrounding the experimental site, and placed clipped shoots within the vine canopy of plants in the predator addition treatments. Predator inoculations were made Þrst on 25 May and again on 1 July. Although mite densities on clipped shoots were not directly measured, on 16 May of the previous year, unsprayed vines from the same site had 2.52 Ϯ 0.32 generalist phytoseiid mites, 0.12 Ϯ 0.02 specialist phytoseiid mites, 0.008 Ϯ 0.003 spider mites, and 0.39 Ϯ 0.11 tydeid mites per leaf (N ϭ 40) (Prischmann et al. 2005) .
Experiment 2
In the second experiment, we lowered generalist phytoseiid mite densities using a pesticide application to again establish high and low phytoseiid densities and altered canopy size to establish large and small canopies, within a completely randomized 2 by 2 factorial design. This design yielded four treatments: (1) ϩCϩP, large canopy with pesticide; (2) ϩCϪP, large canopy without pesticide; (3) ϪCϩP, small canopy with pesticide; and (4) ϪCϪP, small canopy without pesticide. We used the pesticide chlorpyrifos to lower generalist densities, because in a previous experiment, generalists appeared to be unable to recover after even a single chlorpyrifos application (Prischmann et al. 2005) . As in the Þrst experiment, treatments were applied randomly to individual vines; thus, an experimental unit consisted of one vine. Each treatment again included eight replicate vines (total N ϭ 32).
Chlorpyrifos was applied to vines in treatments receiving a pesticide application on 2 July at a rate of 1.12 kg (AI)/ha. Chlorpyrifos was applied using a Solo backpack pump sprayer (Solo, Newport News, VA), with care taken to minimize drift to adjacent vines. To reestablish the mite fauna after the initial chlorpyrifos spray on 20 May, clipped shoots were placed within the canopy of all vines on 25 May. Abiotic and biotic processes rapidly degrade chlorpyrifos residues on leaves (Getzin 1981 , Racke et al. 1993 . Navarro et al. (2001) obtained a half-life of 4.4 d for chlorpyrifos residues on V. vinifera ÔMonastrellÕ grape clusters and also found that Ͼ98% of the chlorpyrifos residues had degraded after 4 wk. Thus, time allowed before mite re-establishment should have been sufÞcient to avoid mite exposure to toxic insecticide residue.
Canopy treatments were established on 29 June using hemp twine, which was replaced on 8 July with waxed cotton cord. Creation of large and small canopy treatments was achieved as detailed above. Shoots surrounding tied canopy bundles were pruned back on 29 June for all vines.
Sampling Protocol
Leaves were sampled to assess the mite fauna on 25 May, 28 May, 1 July, 8 July, 27 July, 30 August, and 5 October. Twenty leaves of average size and age, haphazardly selected from within the canopy of each replicate vine, were collected on each sample date. Leaves were placed individually into self-sealing plastic bags, labeled, and stored in coolers (Ϸ15ЊC) for transport. Leaves were refrigerated (8ЊC) until processing, which involved scanning under a dissecting microscope (10ϫ; Leica MZ6; Leica Microsystems, Buffalo, NY) and counting all arthropods. All phytoseiid mites, and a representative sample of spider mites, were mounted on glass slides in HoyerÕs medium and identiÞed using a compound microscope (100 Ð 400ϫ; Olympus CH; Olympus Optical Co., Tokyo, Japan). Phytoseiid mites were identiÞed to species using the keys and descriptions in Chant (1959) and Schuster and Pritchard (1963) . Similar keys were used to identify adult female tetranychid mites to species (Pritchard and Baker 1955) .
Grapevine Canopy
Canopy volume (height by length by width of canopy bundles) was measured for all vines using a handheld measuring tape on 25 May, 27 July, and 30 August for the Þrst experiment and 27 July, 30 August, and 5 October for the second experiment. Air and withincanopy temperature (ЊC) and percent relative humidity (RH) were assessed for all vines using a digital hygrometer/thermometer (model 11-661-13; Control Company, Friendswood, TX) on 25 May, 1 July, 27 July, and 30 August for the Þrst experiment and 1 July, 27 July, and 30 August for the second experiment. Air temperature and humidity measurements were taken between rows 4 Ð13 cm above the ground surface. Because temperature and humidity changed during the day, and because all plants could not be sampled simultaneously during each 4-h sample period, temperature and humidity conditions were calculated as mean air measurement minus within-canopy measurement.
Nutrient Analysis
Because high plant nitrogen levels have been associated with increased spider mite densities (van de Vrie et al. 1972) , grape leaf petioles were analyzed for nitrate nitrogen content (Cascade Analytical, Wenatchee, WA). On 18 May (experiment 1 only), 25 May (experiment 2 only), 1 July, 27 July, 30 August, and 5 October, 50 leaves per vine of average size and age were sampled, and their petioles were removed for analysis. To reduce vine damage, leaves from two vines in each treatment were randomly combined for analysis, resulting in 100 petioles per nitrate sample (the minimum number needed for analysis) and 4 petiole samples per treatment. Based on leaf petiole analyses, typical nitrogen levels needed by grapevines are 600 Ð 1,200 ppm, with levels Ͻ50 ppm considered deÞcient (Jackson 2000) .
Powdery Mildew
Grape powdery mildew, Uncinula necator (Schw.) Burr., is a ubiquitous fungal pest of wine grapes that can affect fruit quality and yield (Emmett et al. 1992) , and studies have shown relationships between mildews and spider (Reding et al. 2001 ) and phytoseiid (Duso et al. 2003 ) mite densities. Some phytoseiid (McMurtry et al. 1970 ) and tydeid (English-Loeb et al. 1999 ) mite species can use powdery mildews as food sources. Thus, 20 leaves per vine were sampled on 1 July, 27 July, 30 August, and 5 October. Because leaves were different sizes, one 16-mm leaf disc was taken from each leaf using a leaf punch to standardize measurements. A dissecting microscope (10ϫ) was used to assess the presence or absence of powdery mildew.
Statistical Analyses
Mite densities were log (X ϩ 1)-transformed, whereas powdery mildew data were arcsine squareroot transformed before analysis to meet the assumptions of analysis of variance (ANOVA). Individual 2 by 2 factorial ANOVAs were performed on mite data from 25 May and 28 May to determine if experimental treatments were successfully established. Time series data were analyzed using repeated measures multivariate ANOVA (von Ende 1993) in SYSTAT (SPSS 1998) . For the Þrst experiment, phytoseiid mite data from 28 May through 5 October were analyzed within repeated measures, whereas for the second experiment, our repeated measures analysis included data from 1 July through 5 October; that is, our repeated measures analyses included all postmanipulation sampling dates. However, because of the complete absence of spider mites at the beginning and end of the season, only data from 1 July to 30 August were used for repeated measures analysis of spider mite densities. When treatment ϫ time interaction terms were signiÞcant within repeated measures, we performed individual 2 by 2 factorial ANOVAs on each sample date to further examine how treatment effects varied through time (Snyder and Ives 2001) .
Results
Mite Fauna
Typhlodromus caudiglans (Schuster) was the most abundant generalist phytoseiid mite species in our samples, followed by Galendromus flumenis (Chant) ( Table 1) . Galendromus occidentalis Nesbitt was the only specialist phytoseiid mite found. Although G. occidentalis is a specialized spider mite predator, it can also feed on other phytoseiid, eriophyid, tarsonemid, and tydeid mites (McMurtry and Croft 1997) . Tetranychus mcdanieli McGregor was the only spider mite in our samples. In both experiments, densities of predatory stigmaeid mites and pest tarsonemid mites were low and likely did not have a major impact on spider mite or phytoseiid mite densities (Table 1) .
Canopy Manipulation
In the Þrst experiment, canopy volume gradually increased through the season, leading to a signiÞcant time effect; canopy volume was consistently, signiÞ-cantly greater in the large canopy treatments ( Fig. 1A ; Table 2 ). In the second experiment, canopy size remained relatively constant throughout the season, leading to a nonsigniÞcant time effect; canopy volume was signiÞcantly greater in the large canopy treatment in this second experiment, whereas canopy volume was smaller in treatments where chlorpyrifos was applied ( Fig. 1B; Table 2 ).
In experiment 1, large canopies had lower mean differences between air and canopy temperatures and therefore warmer within-canopy temperatures ( Fig.  1C ; Table 2 ). In experiment 2, canopy treatment had no effect on mean differences between air and canopy temperatures ( Fig. 1D ; Table 2 ). However, chlorpyrifos had a consistent negative effect on mean differences between air and canopy temperatures, with canopy temperatures cooler in vines where chlorpyrifos was applied (Table 2 ). There were no treatment effects on within-canopy humidity in either experiment ( Fig. 1E and F ; Table 2 ).
Experiment 1
Generalist Augmentation. Although the chlorpyrifos spray on 20 May was intended to equalize arthropod densities between treatments, densities of generalist phytoseiid mites were higher within the augmentation treatments before actual augmentation (t ϭ 0: canopy ϫ generalists, F 1,28 ϭ 0.38, P ϭ 0.54; generalists, F 1,28 ϭ 5.51, P ϭ 0.03; canopy, F 1,28 ϭ 1.06, P ϭ 0.31; Fig. 2A ). However, we did not reapply chlorpyrifos because the augmentation treatments were intended to have higher generalist phytoseiid densities after inoculation with clipped shoots. There were no pretreatment differences in densities of specialist phytoseiid mites (t ϭ 0: canopy ϫ generalists, F 1,28 ϭ 0.06, P ϭ 0.82; generalists, F 1,28 ϭ 0.57, P ϭ 0.46; canopy, F 1,28 ϭ 2.31, P ϭ 0.14; Fig. 2C ) or tydeid mites (t ϭ 0: canopy ϫ generalists, F 1,28 ϭ 0.69, P ϭ 0.42; generalists, F 1,28 ϭ 0.35, P ϭ 0.56; canopy, F 1,28 ϭ 0.03, P ϭ 0.87; Fig. 2G ); no spider mites were found in any treatment (Fig. 2E) .
Densities of generalist phytoseiid mites increased and then declined through the season in all treatments, but the peak in generalist densities was more dramatic in augmentation treatments, leading to a statistically signiÞcant time ϫ generalists interaction ( Fig. 2A; Table 3 ). Dynamics of specialist phytoseiid mites were indirectly impacted by generalist manipulation (Fig. 2C) . Specialist densities initially were reduced, but were higher, in treatments with augmented generalist densities, leading to a statistically signiÞcant time ϫ generalists interaction ( Fig. 2C ; Table 3 ). Spider mite densities peaked at mid-season, Fig. 1 . Mean volume of canopy bundles Ϯ SEM in (A) experiment 1 and (B) experiment 2. Mean differences between air and canopy temperatures Ϯ SEM in (C) experiment 1 and (D) experiment 2. Mean differences between air and canopy relative humidity Ϯ SEM in (E) experiment 1 and (F) experiment 2. ϩCϪG, large canopy, no generalist phytoseiid mites; ϩCϩG, large canopy, plus generalist phytoseiid mites; ϪCϪG, small canopy, no generalist phytoseiid mites; ϪCϩG, small canopy, plus generalist phytoseiid mites; ϩCϩP, large canopy, with pesticide; ϩCϪP, large canopy, no pesticide; ϪCϩP, small canopy, with pesticide; ϪC-P, small canopy, no pesticide. but peak densities were highest where densities of generalists were not augmented, again leading to a statistically signiÞcant time ϫ generalists interaction ( Fig. 2E; Table 3 ). Densities of tydeid mites peaked in July and August, leading to a signiÞcant time effect ( Fig. 2G; Table 3 ). In June and July, tydeid mite densities increased more dramatically in generalist augmentation treatments, likely because tydeid mites were also transferred to experimental vines on grapevine cuttings, leading to a statistically signiÞcant time ϫ generalists interaction ( Fig. 2G; Table 3 ). Our canopy manipulations did not signiÞcantly impact densities of generalist or specialist phytoseiid mites, or densities of spider or tydeid mites ( Fig. 2A, C , E, and G; Table 3 ).
Experiment 2
Generalist Reduction. The premanipulation chlorpyrifos spray on 20 May did not equalize densities of generalist phytoseiid mites (t ϭ 0: canopy ϫ chlorpyrifos, F 1,28 ϭ 0.49, P ϭ 0.49; chlorpyrifos, F 1,28 ϭ 6.19, P ϭ 0.02; canopy, F 1,28 ϭ 0.69, P ϭ 0.41; Fig. 2B ) or specialist phytoseiid mites between treatments (t ϭ 0: canopy ϫ chlorpyrifos, F 1,28 ϭ 5.82, P ϭ 0.02; chlorpyrifos, F 1,28 ϭ 1.98, P ϭ 0.17; canopy, F 1,28 ϭ 2.03, P ϭ 0.17; Fig. 2D ), although there were no signiÞcant differences in densities of tydeid mites (t ϭ 0: canopy ϫ chlorpyrifos, F 1,28 ϭ 0.16, P ϭ 0.69; chlorpyrifos, F 1,28 ϭ 0.52, P ϭ 0.48; canopy, F 1,28 ϭ 0.27, P ϭ 0.61; Fig.  2H ). However, after grapevine cuttings were placed on all vines on 25 May to repopulate the arthropod fauna, there were no signiÞcant differences in densities of generalist phytoseiid mites (canopy ϫ chlorpyrifos, F 1,28 ϭ 0.30, P ϭ 0.59; chlorpyrifos, F 1,28 ϭ 0.77, P ϭ 0.39; canopy, F 1,28 ϭ 0.39, P ϭ 0.54) or specialist phytoseiid mites between treatments (canopy ϫ chlorpyrifos, F 1,28 ϭ 0.48, P ϭ 0.49; chlorpyrifos, F 1,28 ϭ 0.45, P ϭ 0.51; canopy, F 1,28 ϭ 1.18, P ϭ 0.29). There were still no signiÞcant differences in tydeid mite densities (canopy ϫ chlorpyrifos, F 1,28 ϭ 0.55, P ϭ 0.47; chlorpyrifos, F 1,28 ϭ 1.45, P ϭ 0.24; canopy, F 1,28 ϭ 0.004, P ϭ 0.95), and no spider mites were found during this time period (Fig. 2F) .
The chlorpyrifos spray after inoculation signiÞ-cantly reduced densities of generalist phytoseiid mites; this decrease became more pronounced throughout the season, leading to a statistically significant time ϫ chlorpyrifos interaction ( Fig. 2B ; Table  3 ). However, alteration of generalist densities was less dramatic than in the Þrst experiment. There were no signiÞcant differences in densities of specialist phytoseiid mites ( Fig. 2D; Table 3 ). Consistent with a lessdramatic generalist effect in this second experiment, spider mite dynamics were not signiÞcantly altered by generalist reduction (Fig. 2F; Table 3 ). A marginally signiÞcant time ϫ canopy ϫ chlorpyrifos interaction was driven by lower peak spider mite densities when generalist densities were higher, but only when the canopy was large ( Fig. 2F; Table 3 ). As in experiment 1, our canopy manipulation did not signiÞcantly affect densities of generalist or specialist phytoseiid mites or densities of spider mites (Fig. 2B , D, and F; Table 3 ). There were no signiÞcant treatment effects on tydeid mite densities ( Fig. 2H; Table 3 ).
Nutrient Analysis. In the Þrst experiment, grapevine petiole nitrate levels were relatively low in May, peaked in early July, and gradually declined, leading to a signiÞcant time effect (time: WilksÕ ϭ 0.09, F 4,9 ϭ 21.90, P Ͻ 0.001). There were no interactive treatment effects (time ϫ canopy ϫ generalists: WilksÕ ϭ 0.91, F 4,9 ϭ 0.22, P ϭ 0.92; canopy ϫ generalists: F 1,12 ϭ 0.05, P ϭ 0.83), main effects of generalist phytoseiid mite addition (time ϫ generalists: WilksÕ ϭ 0.71, F 4,9 ϭ 0.92, P ϭ 0.49; generalists: F 1,12 ϭ 0.03, P ϭ 0.87), or main effects of canopy size on petiole nitrate levels (time ϫ canopy: WilksÕ ϭ 0.51, F 4,9 ϭ 2.20, P ϭ 0.15; canopy: F 1,12 ϭ 0.35, P ϭ 0.57; Fig. 3A ).
In the second experiment, petiole nitrate levels were highest from May to July and then declined, leading to a signiÞcant time effect (time: WilksÕ ϭ 0.10, F 4,9 ϭ 20.06, P Ͻ 0.001). Like the Þrst experiment, there were no interactive treatment effects (time ϫ canopy ϫ chlorpyrifos: WilksÕ ϭ 0.82, F 4,9 ϭ 0.50, P ϭ 0.74; canopy ϫ chlorpyrifos: F 1,12 ϭ 0.003, P ϭ 0.96), main effects of chlorpyrifos application (time ϫ chlorpyrifos: WilksÕ ϭ 0.95, F 4,9 ϭ 0.12, P ϭ 0.97; chlorpyrifos: F 1,12 ϭ 0.62, P ϭ 0.45), or main effects of canopy size on petiole nitrate levels (time ϫ canopy: WilksÕ ϭ 0.79, F 4,9 ϭ 0.61, P ϭ 0.67; canopy: F 1,12 ϭ 1.03, P ϭ 0.33; Fig. 3B ).
Powdery Mildew. For both experiments, the percentage of leaf discs infected with powdery mildew was Ϸ40% in early July, rapidly increased to around 85% in late July, and gradually increased until 100% of sampled leaf discs were infected by the end of the season, which resulted in signiÞcant time effects (time: experiment 1, WilksÕ ϭ 0.04, F 3,26 ϭ 195.64, P Ͻ Fig. 2 . Mite densities from leaf sampling: generalist phytoseiid mites for (A) experiment 1. and (B) experiment 2. Specialist phytoseiid mites for (C) experiment 1 and (D) experiment 2. Spider mites for (E) experiment 1 and (F) experiment 2. Tydeid mites for (G) experiment 1 and (H) experiment 2. Data are log (means per leaf ϩ 1) Ϯ SEM. ϩCϪG, large canopy, no generalist phytoseiid mites; ϩCϩG, large canopy, plus generalist phytoseiid mites; ϪCϪG, small canopy, no generalist phytoseiid mites; ϪCϩG, small canopy, plus generalist phytoseiid mites; ϩCϩP, large canopy, with pesticide; ϩCϪP, large canopy, no pesticide; ϪCϩP, small canopy, with pesticide; ϪCϪP, small canopy, no pesticide. 0.001; experiment 2, WilksÕ ϭ 0.01, F 3,26 ϭ 609.83, P Ͻ 0.001; Fig. 4A and B ). There were no signiÞcant treatment effects on the number of leaf discs infected with powdery mildew for both experiments (P Ͼ 0.05, Fig.  4A and B).
Discussion
We conducted two Þeld experiments designed to explore the role of generalist-feeding phytoseiid mites and canopy structure on spider mite suppression. In the Þrst experiment, adding grapevine cuttings dramatically increased densities of generalist phytoseiid mites, leading to lower densities of both pest spider mites and specialist phytoseiid mites. However, the negative impact of generalists on specialists was transient. As spider mite densities increased later in the season, densities of specialists also increased, regardless of generalist phytoseiid mite treatment. Alteration of generalist densities was weaker in experiment 2, as were negative effects on spider mite and specialist phytoseiid mite densities. Lack of statistically signiÞ-cant generalist effects in the second experiment may be because the magnitude of generalist reduction was less than that of our generalist augmentation in the Þrst experiment. Also, differences in generalist densities were most distinct later in the season, after spider mite densities had already peaked.
Researchers interested in biological control have long debated whether specialists are superior to generalists in suppressing pests (Chang and Kareiva 1999, Symondson et al. 2002) . Generalist predators may lack the ability to mount a strong numerical response as pest densities increase (Croft et al. 2004) or may fail to control pests because they are consuming alternative prey instead of target pests (Holt 1977 , van Baalen et al. 2001 , Koss and Snyder 2005 . Furthermore, generalists might disrupt otherwise effective biological control by specialists through intraguild predation (Polis et al. 1989, Snyder and Ives 2001) . In our study, increasing densities of generalist phytoseiid mites led to signiÞcantly lower peak spider mite densities, although spider mite densities were below outbreak levels in all treatments. These results parallels work by Duso (1989) , who found that releasing two species of generalist phytoseiid mites resulted in lower spider mite densities in Italian vineyards, and Collyer (1964) , who established that removing the generalist Typhlodromus pyri Scheuten from apple trees resulted in higher densities of spider mites. Furthermore, generalists reduced densities of spider mites even though adding grapevine cuttings also increased densities of tydeid mites, which can be an alternative prey source for some phytoseiid mites (McMurtry and Croft 1997) . Thus, despite abundant alternative prey, generalists still strongly impacted spider mite densities.
Intraguild predation within mite communities is frequently unidirectional, with generalists consuming specialists (McMurtry and Croft 1997, Schausberger and Croft 2000) . In our study, the addition of generalist phytoseiid mites resulted in lower densities of specialist phytoseiid mites before peaks in spider mite densities. In laboratory (Yao and Chant 1989 , Zhang and Croft 1995 , MacRae and Croft 1997 , greenhouse , and semiÞeld experiments (Croft and MacRae 1992b) , generalist phytoseiid mites engaged in intraguild predation more frequently than specialists and prevented the persistence of specialist populations. However, in our experiment, while generalists initially reduced specialist densities, specialists recovered as spider mite densities increased. This may occur because specialists are more attracted to, and stay in, pest mite patches longer Sanderson 1997, Jung and and have higher reproductive rates on spider mites than generalists (Croft and MacRae 1992a, McMurtry 1992) . So although generalists consume specialists when pest mite densities are low, when prey is abundant, it appears that specialist populations are not constrained by intraguild predation. Additionally, in the Þrst experiment generalists may have negatively impacted specialists by reducing their spider mite prey. In some communities, generalists and specialists can coexist and be more effective in pest control when together than is either class by itself (Mori and Saito 1979 , Croft and MacRae 1992a , b, Croft and Slone 1997 . This can occur because of the complementary combination of density independent, early season impacts of generalists with strong density-dependent, numerical responses of specialists later in the season as pest densities rise (Snyder and Ives 2003) . Something similar may be occurring in our system; initially, generalists reduced pest mite densities. However, the pest population continued to grow, along with corresponding increases in specialist densities. Only the later-season rise in specialist phytoseiid densities precipitated a decline in spider mite densities.
Our canopy manipulation signiÞcantly altered canopy volume, although canopy temperature and humidity were not affected. Plant canopy structure can affect movement of phytoseiid mites (Croft and Jung 2001, Skirvin and Fenlon 2003) , and while vines in managed vineyards are pruned and maintained each year (Jackson 2000) , the vines used in this experiment were overgrown. However, in our study, canopy volume did not signiÞcantly affect densities of phytoseiid or spider mites.
Factors other than predators, plant structure, and alternative prey can impact pest mite communities Fig. 3 . Grape petiole nitrate levels. (A) Experiment 1 and (B) experiment 2. Data are means per sample Ϯ SEM. ϩCϪG, large canopy, no generalist phytoseiid mites; ϩCϩG, large canopy, plus generalist phytoseiid mites; ϪCϪG, small canopy, no generalist phytoseiid mites; ϪCϩG, small canopy, plus generalist phytoseiid mites; ϩCϩP, large canopy, with pesticide; ϩCϪP, large canopy, no pesticide; ϪCϩP, small canopy, with pesticide; ϪCϪP, small canopy, no pesticide. ϩCϪG, large canopy, no generalist phytoseiid mites; ϩCϩG, large canopy, plus generalist phytoseiid mites; ϪCϪG, small canopy, no generalist phytoseiid mites; ϪCϩG, small canopy, plus generalist phytoseiid mites; ϩCϩP, large canopy, with pesticide; ϩCϪP, large canopy, no pesticide; ϪCϩP, small canopy, with pesticide; ϪCϪP, small canopy, no pesticide.
within cropping systems, including direct or indirect effects of pesticides (Huffaker et al. 1970 ) and plant nutrition and palatability (van de Vrie et al. 1972) . Chlorpyrifos, which degrades rapidly (Getzin 1981 , Racke et al. 1993 , did not appear to have a stimulatory effect on spider mite densities, either through hormoligosis or trophobiosis. Likewise, Price and James (2006) found that direct applications of chlorpyrifos did not stimulate T. urticae fecundity. Chlorpyrifos did negatively impact canopy volume and within-canopy temperature, perhaps because the chemical reduced plant growth rates, which has been documented in apples (Church et al. 1984) and begonias (Osborne and Chase 1987) . Plant nitrogen (van de Vrie et al. 1972 ) and powdery mildew (Reding et al. 2001 ) have been positively linked to increased spider mite densities. Powdery mildew also can serve as a food source for phytoseiid (McMurtry et al. 1970 , Duso et al. 2003 and tydeid mites (English-Loeb et al. 1999 ). However, because there were no signiÞcant differences in either parameter between treatments, it is unlikely that plant nutrition or powdery mildew incidence inßuenced the interaction between generalist phytoseiid mites and spider mites. However, decreasing plant nitrogen, in addition to predation by specialist phytoseiid mites, may have contributed to the sharp decline in spider mite densities at the end of the season.
Overall, our experiments support the theory advanced by others (Collyer 1964 , Huffaker et al. 1970 , McMurtry et al. 1970 , Nyrop et al. 1998 , James 2001 ) that generalist phytoseiid mites are important in spider mite suppression. These experiments show that generalist phytoseiid mites, if they are present in sufÞcient numbers before high pest mite populations, can suppress pest spider mite densities under Þeld conditions in the presence of specialist phytoseiid mites and alterative prey. This study also shows that, although increasing generalist densities negatively affected specialist densities, this did not prevent the specialists from responding to spider mite outbreaks. Furthermore, we showed that suppressive effects of generalists can be increased if their densities are increased. Although replication of these experiments within commercially managed vineyards is necessary, it is likely that conservation of generalist phytoseiid mites by reducing harmful chemical applications may improve spider mite control in perennial crops.
